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Abstract: Investigations into the heterogeneous pinning properties of the vortex state created 
by partially nano-patterning single crystals of 2H-NbSe2 reveal an atypical magnetization 
response which is significantly drive dependent. Analysis of the magnetization response 
shows non-monotonic behavior of the magnetization relaxation rate with varying magnetic 
field sweep rate. With all the patterned pinning centers saturated with vortices, we find that 
the pinning force experienced by the vortices continues to increase with increasing drive. Our 
studies reveal an unconventional dynamic weak to strong pinning crossover where the flow of 
the vortex state appears to be hindered or jammed as it is driven harder through the interstitial 
voids in the patterned pinning lattice.  
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 
 
The vortex state in superconductors is known to exhibit a variety of glassy phases like the 
Bragg glass, the vortex glass phase in the presence of random point pins, and the Bose glass 
phase in the presence of extended columnar defects [1]. These vortex phases are associated 
with a homogenous pinning environment. An important and technologically relevant area of 
investigation is the nature of vortex state in presence of pinning centers generated by 
nanoscale patterning of a superconductor [2,3,4,5,6,7,8,9,10,11,12]. Spatial dimension of 
these patterned pinning centers can range from sizes comparable to the superconducting 
coherence length (ξ) to the penetration depth (λ). Unlike most previous studies which have 
been on superconductors with homogeneous pinning [1], here, we investigate the case of a 
sample with heterogeneous pinning generated with nanopatterning. Heterogeneous pinning 
consists of two distinct pinning populations, viz., one consisting of randomly distributed weak 
pins and another of spatially correlated nanopatterned strong pins. From the magnetization 
response measurement of our partially patterned superconductor we find that contrary to 
expectation, at low drives rather than the vortex state being pinned strongly on the blind hole 
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lattice it favors a weakly pinning state. However under the influence of a larger drive the 
vortex state transforms from a weak to strong pinning state. This crossover from weak to 
strong pinning doesn’t occur as a natural consequence of changes in the equilibrium 
properties of the vortex state, like that associated with softening of the elastic vortex state 
[1,13,14]. Instead we find that the crossover is achieved only by driving the vortex state. To 
understand the drive dependent weak to strong pinning crossover we propose that the vortices 
experience jamming as they are driven hard through the blind hole lattice.  
 
2. Experimental details, results and discussion 
 
2.1. Sample Preparation 
A number of recent studies on nanopatterned superconductors have been on thin films 
[10,11], unlike this letter which reports on studies of nanopatterned high quality, weak 
pinning single crystals. In comparison to thin films, single crystals of a low-Tc 
superconductor, 2H-NbSe2 possess very low [15] Jc/J0 ~ 10-6 (where Jc is the critical current 
density of the superconductor which is proportional to the pinning strength and J0 is the 
depairing current density). A low Jc/J0, implies weak pinning environment in the NbSe2 single 
crystals which affords an easy comparison of changes in pinning produced by nanopatterning 
unlike that in thin films. We have investigated two NbSe2 crystals belonging to a batch [14] of 
high quality single crystals (with dimensions ~ 1.5 mm x 1 mm x 30 μm, and Tc(0) = 7 K). The 
two crystals are obtained from the same NbSe2 single crystal by cleaving it with scotch tape. 
One of the NbSe2 crystals was milled with a focused Ga ion beam (diameter ~ 7 nm) using the 
Focused Ion Beam (FIB) machine (dual beam FEI make Nova 600 NanoLab) to produce a 
hexagonal array of blind holes. Each hole has a diameter of 170 nm ( > 2ξab ~ 15.4 nm and ≈ 
λab ~ 120 nm for the ‘ab’ crystal orientation in NbSe2 [16]) and a mean center-to-center 
spacing between the holes (d) of 350 nm and depth of ~ 1μm covering a rectangular area of 
180 μm2 (with about 1660 holes, in the patterned region which is located away from the 
sample edges). Inset of figure 1 shows a Scanning Electron Microscopic (SEM) image of the 
magnified portion of the patterned area.  
 
2.2. Magnetization measurements 
Shown in Fig.1 main panel are the bulk dc magnetization hysteresis M(H) loops for the 
patterned and unpatterned NbSe2 samples measured at T = 5 K with a Quantum Design 
Superconducting Quantum Interference Device (SQUID) magnetometer. To avoid effects due 
to dissimilar sample geometry, the two samples measured were matched in physical 
dimensions and shape. Figure 1 main panel shows that the M(H) for the patterned and 
unpatterned samples are nearly identical at H > 0.02 T. As the width of the magnetization 
hysteresis ( MΔ ) is a direct measure of the pinning strength in the superconductor [17], it 
appears that due to nanopatterning with blind holes, the pinning of vortices is only weakly 
affected. 
 
At this juncture, it is worthwhile recalling a few important length and magnetic field scales 
defined by nanopatterning are: Spacing (d) between the blind holes of 350 nm, implies that at 
BΦ ~ 2d
oφ  = 0.0195 T (where Φo = 2.07× 10-15 Wb and BΦ is the matching field value) there 
exists on average one vortex per blind hole. In this paper the field regime of our investigation 
in NbSe2 is at magnetic fields (B) > 0.0195 T. Apart from BΦ, another relevant field range for 
our studies is the saturation field Hs. We estimate that in NbSe2 within each blind hole of 
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radius r = 85 nm, 5~2 abs
rn ξ=  to 6 vortices can be accommodated. Using ns ~ 5 and 
1660 blind holes patterned in an area of 180 μm2 in NbSe2, at HS 02180
1660 φμ ×
×=
m
ns  ~ 0.09 – 
0.1 T all blind holes are nearly saturated with vortices (cf. arrow marked Hs in Fig.2). We 
expect that at H > Hs, if most of the blind holes are saturated with vortices then we should be 
able to identify a distinct response of vortices pinned on strong blind holes pinning sites, from 
those which are not. Infact, the magnetization relaxation behavior of the vortices pinned on 
the blind holes is expected to be distinct from those pinned on weak pins. Therefore to 
effectively distinguish between different pinned phases, we investigate the behavior of M(H) 
loops for different magnetic field (H) sweep rates β ~ 0.005, 0.05, 0.1, 0.2 and 0.3 T/min 
using the Vibrating Sample Magnetometer (VSM) (Oxford make, Model 3001). In Fig.2 main 
panel, we compare the M(H) loops at T = 5 K for the patterned sample recorded with β of 
0.005 T/min and 0.2 T/min. Inset (a) of Fig.2 shows that at 5 K at H = 0.2 T (> BΦ, Hs), the 
behavior of 
unpatt
patt
M
M
Δ
Δ
versus β , where ΔMpatt and ΔMunpatt are the widths of the M(H) 
loops for the patterned and unpatterned sample recorded at the same β. We observe that for β 
< β/ (where β/ is marked in the Fig.2 inset (a)), the 1≈Δ
Δ
unpatt
patt
M
M
, implying that the 
hysteresis curve behave almost identically for low β. Beyond the threshold value of β′ ~ 0.05 
T/min, the ratio 
unpatt
patt
M
M
Δ
Δ
 increases significantly by a factor of almost 5. This 
indicates that beyond a threshold β′ ~ 0.05 T/min the increase in the width of M(H) loop for 
the patterned sample is much more in comparison to the increase in the unpatterned sample 
(at the same β). As the width ΔM is indicative of pinning, it is interesting to note that in terms 
of pinning, from the above data it appears that only beyond a threshold β′ ~ 0.05 T/min, 
vortices are driven into a state with strong pinning (larger ΔM(β)). 
 
The above atypical sweep rate dependent magnetization response in the patterned sample is 
also analyzed in terms of relaxations due to thermally activated creep. Usually the value of the 
magnetic moment depends on the strength of the shielding currents and hence on the sweep 
rate of the magnetic field (equivalent to an effective electric field). In such a situation one can 
define the magnetization relaxation rate with (
dMR d Log )β= ± [18], where ‘+’ and ‘-’ 
correspond to the descending and ascending branches of M(H) loop. Inset (b) of figure 2 
shows at H = 0.2 T at 5 K, a compilation of the R(β) from the M(H) curves for the patterned 
sample. In this inset we see that in the patterned sample the value of R remains nominally 
positive at +0.05 until the threshold β′ ~ 0.05 T/min. In Fig.2(b) we observe a significant 
upturn in R, viz., R increases from 0.05 to +0.5 for β > β′ which also coincides with the β 
where ΔMpatt(β) increases w.r.t. ΔMunpatt(β) as seen in fig.2(a). We also observe an upward 
shift of the irreversibility field Hirr(T) for the patterned sample at β = 0.2 T/min (one 
representative value of Hirr(T) shown in figure 2 main panel) confirming that a larger pinning 
landscape is probed at large β beyond a threshold value of β′ ~ 0.05 T/min. As argued in 
Ref.18, the relaxation rate
d
R ρ
1∝ , where dρ  is the differential resistivity of the vortex state. 
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An enhancement in R (beyond β′) reflects a significant decrease in dρ  precipitated by an 
abrupt enhancement in pinning experienced by the vortex state in the patterned sample when 
the field sweep rate exceeds a threshold viz., β′. It is important to note that the increase in 
pinning experienced by the vortex state at large β (leading to reduced dρ ) is found at 
magnetic fields of above 0.2 T which is well above Hs~O(0.1 T), viz., at magnetic fields 
where the density of vortices is such that all the strong pinning blind holes have already been 
saturated with vortices. Earlier studies on unpattered 2H-NbSe2 single crystals have shown 
that in a certain field temperature regime close to the upper critical field, due to the peak 
effect (PE) phenomenon[14,15] there is a significant enhancement in pinning. The PE 
phenomenon is associated with softening of the vortex state well before pinning vanishes in 
the sample at Hirr leading to a strongly pinned vortex state. Based on studies on our present 
batch of crystals [14,15] we know that our present field – temperature regime where we 
observe a drive dependent weak to strong pinning crossover is not coincident with the PE 
phenomenon regime. Infact later on in Fig.5 inset we show that a measurement of the pinning 
force in the field temperature regime of our interest in the unpatterned 2H-NbSe2 sample does 
not show any evidence of PE. We surmise that the drive dependent crossover in pinning in 
our partially patterned sample has an origin distinct from effects related to softening of the 
vortex state. 
 
2.3. Geometric effects and the magnetization response  
In superconductors with weak bulk pinning, like in 2H-NbSe2, it is well known that the 
surfaces of superconductors play a significant role in inhibiting the entry and exit of vortices 
from the sample edges. These edge effects are known to be significant in samples with weak 
bulk pinning leading to significant modification in the shape and behavior of irreversible 
magnetization response of the superconductors[19,20] (which are not generated due to bulk 
pinning). A common signature associated with surface barriers is the reverse leg of 
magnetization in the M-H hysteresis loop remains nearly constant over a wide field range (see 
N. Chikumoto et al in Ref.19 and P. K. Mishra et al in Ref.20). Our figures 1 and 2 exhibit 
significant field dependence of the reverse magnetization in both our samples, indicating that 
geometric barriers effects are insignificant in our patterned and unpatterned 2H-NbSe2 
samples. It was shown [19,21] that in the presence of barrier effects, at fields greater than the 
penetration field, the width of the magnetization hysteresis loop (using a constant M in the 
reverse leg) varies as,
H
M 1∝Δ
 
(such behavior has been observed for 2H-NbSe2 in [20]). In 
the inset of Fig. 3(b) we have plotted ΔM versus 
H
1
obtained from the M-H data for both the 
patterned and unpatterned samples at 5 K and 6 K. It is clear from the nonlinear curve in inset 
Fig.3(b) that geometric effects are insignificant.  
 
In the main panels (a) and (b) of Fig.3, we show the in-phase (χ/) and out of phase component 
(χ//) of the ac – susceptibility response measured as a function of T in a dc field of Hdc = 0.1 T 
with a superimposed probing ac field (hac) of 2x10-4 T (frequency 211 Hz) on the 2H-NbSe2 
crystals prior to patterning. From Fig.3(a) we see that at 5 K (which is the same temperature at 
which our results have been reported in this paper), the diamagnetic shielding response (viz., 
χ/ ) is close to -0.6 which is well above -1 (associated with a perfect diamagnetic screening 
response). If geometric barriers were to dominate the shielding response at 5 K and 0.1 T, then 
vortices would have been strongly shielded out from the interior of the sample, and we would 
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have found the diamagnetic shielding response viz., χ/ approaching a value close to -1. Such a 
behavior is absent in our samples. Another significant observation is, Fig.3(b) shows that the 
dissipation response (viz., χ//) at 5 K and 0.1 T is far from zero. The significantly large 
dissipation response (which is well above zero) at 5 K and 0.1 T indicates that the dissipation 
emanates from the bulk of the sample due to the full penetration at hac field into the 
superconductor [22]. If geometric barriers were to be significant at these fields and 
temperatures, then along with a large χ/, due to insufficient penetration χ// should also have 
achieved a value close to zero, which is absent in Fig.3(b) at 5 K. Thus not only do we find 
absence of distinct signatures of geometric effects but these effects are also expected to 
become weak at large fields. Hence in the field range in which we discuss our results (i.e., at 
H > Hs ~ 0.1 T), geometric barriers have an insignificant role to play in determining the 
behavior of magnetization response of the sample.  
 
2.4. E-J calculation 
While our SQUID magnetization measurements reveal information about the static vortex 
state through the irreversible magnetization response, the fast sweep rate dependent M-H 
response gives the integrated magnetization response emanating from a driven vortex state. 
As only a small area of the sample has been patterned (0.02%), therefore the static 
magnetization response associated with the pinned vortex state in the patterned sample is only 
weakly affected. We confirm this from Fig.1 where the difference in the magnetization 
response between the patterned and unpatterned sample is small. However the discussions 
associated with Fig.2 show that the integrated magnetization response of the driven vortex 
state which is flowing in between the saturated (H > Hs) blind hole pins, is significantly 
different from a driven vortex state response in a sample without the blind holes. The 
sweeping of H, drives the weakly pinned vortices (in the unpatterned regions of the sample 
and those in the interstitial spaces between the blind holes) to reorganize themselves inside 
the superconductor when the induced screening current (J) exceeds the Jc. The driven vortices 
generate an electric field of magnitude E = uB, where u is the velocity of the vortices. An 
approximate procedure used to construct the electric field from the M(β) data [23,24] is via E 
∝ A×(dM/dH)/(dH/dt); (where A is the sample area). The width of the hysteresis loop ( MΔ ) 
provides information about the shielding current J induced in the superconductor as H is 
swept ( ∝ J, w: mean width of the sample [)/( wMΔ 17]). To analyze the E - J curves we use 
a relationship invoked in the context of collective vortex creep in vortex glasses [24,25] viz., 
⎥⎦
⎤⎢⎣
⎡ ⎜⎝
⎛− U cexp ⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞∝
μ
J
J
kTE
c ; where Uc is the depth of the potential well at J = Jc. Figure 
4 compares the E - J curve determined from forward leg of M(H) curve recorded with β = 
0.05, 0.1 and 0.2 T/min for the patterned and unpatterned samples. The dashed (red) and solid 
(blue) lines correspond to the E(J) fitted to the data using the above expression with a fixed μ 
= 3 and μ = 1 respectively, with Uc and Jc as variable fitting parameters. For the unpatterned 
sample the E-J curve fits to μ = 1 over the entire E-J range even at 0.2 T/min. From Fig.2 
main panel we know that J ∝ MΔ decreases monotonically with increasing H for the 
patterned sample at 0.2 T/min. Thus, the observed change in the shape of the E-J curve in 
fig.4 for the patterned sample (viz., a fit with μ = 1 changes to a fit with μ = 3) cannot be 
attributed to any non-monotonic variation in the J(H) intrinsic to 2H-NbSe2 (for example the 
behavior in Jc(H) found in the vicinity of the PE phenomenon [15]). The fitted solid (blue) 
line extrapolates to Jc,in while the fitted dashed (red) curve extrapolates to Jc,bh, where E = 0. In 
general, note that for the patterned sample the E(J) for β ≤ a range of 0.05-0.1 T/min (~ β/) has 
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the lower Jc,in intercept. Theory predicts that μ ~ 1 to 1.5 for weak collective pinning (see M. 
V. Feigel’man et al. Ref. 25). Thus, the source of the lower intercept, Jc,in < 1x103 A/m2 is the 
weakly pinned vortex phase with μ = 1. The value of μ =3 at β > β′ indicates a departure from 
weak collective creep scenario. At μ =3 the Jc,bh ≥ 2x103 A/m2 intercept is higher (compared to 
that at μ =1) implying the E-J behavior corresponds to the onset of a strongly pinned phase. 
Thus at β < β′ the response observed in the patterned sample emanates from weak collective 
pining which transforms to a strong pinning regime at β > β′ where the E-J curve fits with μ 
=3. In general, neutron diffraction studies have shown that any change in curvature of the I-V 
and equivalently the E-J characteristics associated with the driven vortex state in a 
superconductor is associated with a change in the degree of inhomogenity in the distribution 
of currents flowing in the sample [26]. Thus, changes we observe in the E – J curvature (viz., 
a change from μ = 1 to μ = 3 fit) indicates that perhaps the nature of the current distribution in 
the patterned sample undergoes significant changes as β changes from < β′ to > β′ 
concomitant with a crossover in pinning a weak (with low Jc,in) to a strong (with a higher Jc,bh) 
pinning state at large drives.  
 
2.5. Determination of irreversibility line and pinning force 
In the inset of Fig.5, we compute the pinning force curve at T = 5 K (using, Fp(H) 
∝ HM ×Δ ; as J ∝ MΔ ) for the unpatterned sample (recorded at 0.3 T/min, black dashed 
curve) and the patterned sample (at different sweep rates, solid (colored) curves). It is clear 
that the Fp(H) curves for the patterned sample at low sweep rates (≤ 0.1 T/min, viz., for β ≤ β′) 
coincides with that for the unpatterned sample (recorded at 0.3 T/min, black dashed curve). 
This indicates that the nature of pinning is weak at low β in the patterned sample. At low β, 
the Fp(H) displays a peak like feature near 0.2 T (far away from Hc2). Such a peak like feature 
in the pinning force curve is well known [27] and is associated with weak two-dimensional 
collective pinning in 2H-NbSe2. However at larger β (0.2 and 0.3 T/min) one observes that in 
the vicinity of 0.2 T and beyond, the Fp(H) curves for the partially patterned sample begins to 
deviating significantly from that for the unpatterned sample. In fact for H > 0.4 T (> Hs = 0.1 
T) for the patterned sample, at a β of 0.3 T/min, the pinning force is few orders of magnitude 
larger than the pinning from unpatterned sample at the same field. At low β (≤ β′) below 0.2 
T, the coincidence of the Fp(H) curves for the patterned and unpatterned sample indicates that 
the pinning in the patterned sample is being governed by the naturally occurring weak pinning 
centers present in 2H-NbSe2. At large β (0.2 and 0.3 T/min) beyond 0.2 T, we see a clear 
departure from the weak collective pinning behavior present for low β (below 0.1 T/min). In 
the inset of Fig.5 we show a dashed vertical line demarcating the crossover from weak 
collective pinning to strong pinning beyond 0.2 T at large β (>β′) in our partially nano-
patterned sample of 2H-NbSe2.  
 
To understand what results in a stronger pining at large β, we investigate the behavior of the 
irreversibility line (Hirr(T)). It is clear from the fig.2 main panel that in the patterned sample at 
5 K at 0.2 T/min (the open circles) the M-H loop has a higher Hirr(T) as compared to the same 
loop recorded with β = 0.005 T/min (Hirr(T)) is that field at which the M(H) becomes path 
independent viz., Mfor and Mrev coincide). The main panel of Fig.5, shows the comparison of 
Hirr(T) line, for the patterned sample measured from hysteresis loops recorded with the field 
being swept at 0.2 T/min (solid (red) line) (Hirr,0.2T/min) and for hysteresis loops measured at 
0.005 T/min (dotted (blue) line) (0.005 T/min has been abbreviated to 0T/min and denoted as 
Hirr,0T/min for convenience). Note that Fig.5 shows, Hirr,0T/min for the patterned sample is 
identical to that for the unpatterned one(cf. solid and open (blue) squares respectively), 
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confirming the weak collective pinning behavior dominates at low β. At high β, the crossover 
to the strong pinning regime coincides with Hirr,0.2T/min to be shifted upwards w.r.t Hirr,0T/min. 
The observation that the Hirr(T) is shifted up w.r.t to the line in the unpatterned sample is 
reminiscent of a similar trend (relating, only to the upward shift trend and not to the β 
dependence) of the irreversibility line found in samples with extended defects like columnar 
defects produced with heavy ion irradiation [28].  
 
2.6. Discussion 
At H which is greater than but close to Hs (the saturation field, where on average all blind 
holes are occupied by vortices), vortices strongly pinned on periodically spaced blind hole 
pinning centers creates a rigid cage like potential due to the regular hexagonal arrangement of 
the blind hole lattice. This cage confines the vortices present in the interstitials between the 
blind holes at H > Hs. Due to this trapping inside the cage, the thermally induced wandering 
of the vortex line from their mean position is suppressed thereby leading to an upward shift of 
Hirr(T).The upward shift of Hirr(T) explained via the cage model, had been proposed in the 
past to explain features for columnar defects [29]. While the caging potential created by the 
vortices strongly pinned in the blind holes explains the upward shift of Hirr(T), it does not 
provide an explanation of the sweep rate dependence of the pinning force which increases 
with β especially for H >> Hs. From inset of Fig.5 it appears that at the same H (> Hs), viz., 
for example at say 0.8 T (~ 40Bφ and 8Hs), for the same density of vortices the pinning force 
depends on the sweep rate at which the field is reached. At H >> Hs, the density of vortices is 
such that most of the blind holes are already saturated with strongly pinned vortices and the 
excess vortices in the interstitials of the blind hole lattice are caged by the strongly pinned 
blind holes. However at large vortex density the repulsion between vortices is very high and it 
is unlikely that the cage confinement scenario will be significantly effective upto H >> Hs. 
Given the above situation, one expects the pinning force experienced by the vortex state to 
depend on the density of vortices, rather than dependent of the rate at which one achieves the 
given density of vortices. In NbSe2 at H > Hs, the regime where R(β) response becomes 
significantly +ve viz., at β >β′ (cf. inset fig.2(b)), it appears that despite a strong caging 
potential the pinning strength enhances with β (beyond a threshold β′). 
 
We propose that the vortices present in the voids of the blind hole lattice cannot be driven 
through the interstitial spaces in the lattice uniformly at large drives. Rather than being 
uniformly driven faster at larger drives a non monotonic behavior sets in, wherein the vortices 
begin to become more immobile at larger drives. This effect becomes more pronounced with 
increasing β. At this juncture drawing upon a scenario based on a recent simulation [30] we 
propose that our observation of an enhancement in pinning strength is a result of a jamming 
phenomenon when vortices are driven across the interstitial voids in the blind hole lattice at 
large sweep rates. It has been shown [31] that, at 1.5 Bφ < B, cluster states of n-vortices (‘n-
mer states’) form in the interstitials voids between the patterned pinning sites. These n-mer’s 
crystallize into ordered structures also termed as vortex molecular crystals. It is found that 
[30] under the influence of a drive applied in a particular direction w.r.t to the pinning lattice, 
the n-mers flow is misaligned to the drive in certain directions while along other directions 
they are aligned. This type of a flow leads to a jamming of the driven vortex molecular 
crystalline state. For a driven elastic vortex state, if any region in the vortex medium 
experiences strong pinning, then the entire elastic vortex medium (due to elasticity) 
collectively slows down. We believe this happens in our patterned sample. Due to local 
jamming effects encountered in the interstitials located in between the blind holes in the 
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partially patterned region of the sample there is a slowing down of the entire weakly pinned 
driven elastic vortex medium. Such a slowing down of the vortex state results in the drive 
dependence of the bulk magnetization response we observe in our partially patterned sample. 
This driven jammed state is characterized by a strong enhancement in the pinning force. In 
our study as the applied driving force on the vortex state is directionally symmetric w.r.t to 
the blind hole pinning lattice, the probability of having jamming caused by aligned and 
misaligned n-mer flowing vortex states is high. Higher the β, greater is the immobilization of 
the vortex state due to jamming. We propose that the observed enhancement in pinning force 
at large β is a consequence of jamming of n-mer vortex state driven through the interstitial 
voids in between the blind hole lattice. At larger driving force (viz., larger β) jamming causes 
an enhancement in the pinning force. The observation of a larger Jc,bh at higher β in Fig.4, is 
consistent with the enhancement in pinning force due to jamming. From Fig.4, at J > Jc,bh the 
dE/dJ, which is proportional to the differential resistivity of the driven vortex state, shows that 
initially (for J in the vicinity of Jc,bh), it increases and at higher J becomes smaller and 
approaches a saturated value. Studies on plastically driven vortex state, where there are 
mobile channels of freely flowing vortices with islands of strongly pinned vortices exhibit a 
similar feature in differential resistance [15,32], viz., a convex curvature of I-V, where the 
differential resistance (dV/dI) value exhibits an initial peak which returns into a saturated 
value. It is interesting to note, that unlike what is found in unpatterned samples of 2H-NbSe2 
where the weak to strong pinning crossovers occur due to transformations in the equilibrium 
properties of the vortex state, like, vortex state softening [1,13, 14,15], here the crossover is a 
dynamic one from a weak to strong pinning regime. As a consequence of jamming of vortices 
in the interstitials between the blind hole lattice, there will be a significant barrier for the entry 
of extra vortices into this patterned area. A preliminary evidence for this barrier is presented 
elsewhere [33]. More detailed experiments are underway to investigate the weak to strong 
pinning crossover at large drives in the patterned blind hole lattice. 
 
3. Conclusion 
 
In conclusion, by partially patterning the superconductor we have created a heterogeneously 
pinned vortex phase, consisting of a weakly pinned fraction of vortices in the unpatterned 
regions and another fraction of strongly pinned vortices in the nanopatterned region. The 
unique feature of the partially patterned superconductor is that the weak and strong pinning 
phases do not occur as a natural outcome of peculiarities of the vortex state, like due to 
softening of the vortex state. We propose that our observation of a dynamic weak to strong 
pinning state crossover at field much larger than the saturation field of the blind holes, is due 
to a jamming of the vortex state which is driven through the interstitial voids present in-
between the blind hole lattice. Our future studies are underway to investigate the static and 
dynamic phase of the interstitial vortex states present in-between the blind hole lattice.  
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Fig.1: Isothermal bulk dc magnetization hysteresis M(H) loops of the patterned and 
unpatterned NbSe2 samples (denoted by circles and triangles respectively) measured at 5 K. 
Inset shows an SEM image of the region of the NbSe2 crystal patterned with a hexagonal 
array of blind holes. 
 12
                                                                                                                                            
0.5 1.0 1.5 2.0
-0.4
0.0
0.4
Hs
 T= 5 K
Patterned NbSe2
 
M
(x
10
-4
 T
) 
μ0H (T)
 0.005 T/min
 0.2 T/min
Hirr
0
0.0 0.1 0.2 0.3
1
2
3
 β (T/min)
 
ΔM
pa
tt/Δ
M
un
pa
tt (a)
0.2 T
(b)
0.0
0.2
0.4
0.0 0.5 1.0 1.5
log β
 
 
R β′
β′
0.2 T
∝
 
Fig.2: The main panel compares at 5 K the M(H) loops for the patterned sample recorded with 
β = 0.005 T/min (black curve, closed circles) and β = 0.2 T/min (red curve, open circles). Inset 
(a) shows 
unpatt
patt
M
M
Δ
Δ
 as a function of β at 0.2 T. Inset (b) shows R vs. logβ at 0.2 T for 
the patterned sample (for convenience in taking logβ, we used Oe/sec units). 
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 Fig.3: (a) and (b) show the in-phase (χ/) and out of phase component (χ//) respectively of the 
ac – susceptibility response measured as a function of T in a high dc field of Hdc = 0.1 T with 
a superimposed probing ac field (hac) of 2x10-4 T (frequency 211 Hz) for the 2H-NbSe2 crystal 
prior to patterning. The inset of (b) shows the variation of the width of the M(H) loop (ΔM) 
versus 
H
1
for the patterned and unpatterned samples at 5 K and 6 K. 
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Fig.4: [A × (dMfor/dH)/dH/dt)] (labeled as ∝ E) versus (ΔM/w) for different field sweep rates. 
Open and closed circles correspond to data for the patterned sample at 0.05 and 0.1 T/min and 
0.2 T/min respectively. The solid (blue) and dashed (red) lines are fit to the data with μ = 1 
and μ = 3 respectively. Note that the solid (blue) curve also fits to the data for the unpatterned 
sample for 0.2 T/min. 
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Fig.5: Comparison of Hirr(T) line measured from hysteresis loops recorded with the field 
being swept at 0.2 T/min (solid (red) line) (Hirr, 0.2T/min) and at 0.005 T/min (dotted (blue) line) 
(Hirr,0T/min). The inset shows the comparison of the pinning force (FP vs H) curve for the 
unpatterned (recorded at 0.3 T/min, black dashed curve) and patterned (at different sweep 
rates, solid (colored) curves) samples. 
  
